Introduction
In higher plants, green algae and blue-green algae, ferredoxin is a small molecule (m olecular weight ab out 12000) containing a two iron-two labile sulfurcluster, which participates in chloroplasts photo synthetic electron transfer due to its high negative redox potential [1] [2] [3] [4] . The relative ease of purifica tion of ferredoxins has allowed to know the phy sicochemical properties, amino acid composition and amino acid sequence of many plant and algal fer redoxins [3, 5 -12] , C hlam ydom onas reinhardii is an haploid green alga of relatively well-known genetics [13] , whose ferredoxin has been used in genetic transcription and translation studies as m arker of chloroplast protein [14] , in immunological approaches to its biosynthetic process [15] , and in characterizations of ferredoxins by mapping of tryptic peptides [16] . A lthough this protein has been previously purified [8, 15, 17] , its physicochemical properties remain to be described.
In this work we characterize physicochemically the C. reinhardii ferredoxin. The protein of M r = 11800 contains one (2 F e -2S)-cluster per molecule, with a redox midpoint potential of -410 mV, and the full Reprint requests to Dr. E m ilio Fernandez. Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341-0382/85/0500-0373 $01.30/0 complement of amino acids. By the first tim e, new absorption shoulders are reported for a plant-type ferredoxin in its reduced form.
Materials and Methods

G rowth conditions and preparation o f extracts
C. reinhardii cells, strain 21 gr (from D r. Ruth Sager, Sidney Färber Cancer C tr.), were grown at 25 °C in liquid medium containing 10 m M N H 4C1 [18] , bubbled with air supplem ented with 5% (v/v) C 0 2 under continuous light (15-20 W. m -2) . Cellfree extracts were prepared by freezing and thawing the cells in 50 m M potassium phosphate buffer, pH 7.5 (standard buffer) as described [19] .
Purification procedure
Purification of ferredoxin was carried out at 0 -4 °C by the following procedure: 1. 2% (w/v) p ro t amine sulfate (pH 7.5) was added dropwise to the crude extract (1 ml/10 ml extract) with gentle stir ring. A fter 15 min, the suspension was centrifuged at 16000 x g, 15 min. 2. The resulting supernatant was applied to a D EA E-Sephacel column (3 x 40 cm) equilibrated with standard buffer, and ferredoxin eluted with the same buffer but 0.5 m in NaCl. 3. Fractions containing ferredoxin were pooled and di-luted 5-fold with standard buffer and applied to a second D EA E-Sephacel column (2 x 20 cm) equili brated with the same buffer. Ferredoxin was eluted with 300 ml of a linear gradient of NaCl (0.2-0.7 m ) in standard buffer. Fractions containing ferredoxin were pooled, dialyzed against standard buffer during 12 h. and concentrated by using a DEAE-Sephacel column (1x8 cm) as in step 2. The eluate was dialyzed against standard buffer during 12 h and used as source of the protein.
A nalytical determ inations
Labile sulfide was determ ined by the m ethod of Siegel et al. [20] using an absorbance coefficient of 31.2 m M^'c m '1 at 670 nm. Iron was analysed ac cording to Massey [21] . An extinction coefficient of 9.34 mM_1-cm _1 was found for the iron-o-phenanthroline complex at 510 nm, using cytochrome c as standard. Protein content was estimated from the av erage of values obtained by the methods of Lowry et al. [22] , B radford [23] and biuret [24] , with bovine serum albumin as standard. Cytochrome c, carbonic anhydrase, trypsin inhibitor, ovalbumin and bovine serum albumin were determ ined by measuring the absorbance at 280 nm.
A bsorption and E P R spectra
A bsorption spectra were recorded at 25 °C in spe cial anaerobic quartz cuvettes of 1-cm path-light with a DW-2 a™ UV-VIS A M IN CO spectrophotom eter. EPR spectra were recorded in a BRUKER-200 tt spectrom eter at 10 K (Prof. A .V . Xavier, I.S .T ., Univ. Nova, Lisboa).
Electrophoresis
Analytical electrophoresis of purified ferredoxin was perform ed at 4 °C in 7.5% polyacrylamide gels according to Jovin et al. [25] . Electrophoresis in sodium dodecyl sulfate was perform ed at 25 °C in 10% polyacrylamide gels according to W eber and O sborn [26] . Standards of known molecular weight were: cytochrome c, 12400; lysozyme, 14400; soy bean trypsin inhibitor, 21500; carbonic anhydrase, 31000; ovalbum in, 45000; bovine serum albumin, 66000 and phosphorylase b, 92500. Proteins were located by staining with 1% (w/v) coomassie brilliant blue R-250 in 7% (v/v) acetic acid.
Determ ination o f the isoelectric p o in t
Isoelectric focusing was carried out at 4 °C in 4.5% polyacrylamide gels containing 1% (w/v) Ampholine. pH 3.5 -10, according to M aurer [27] . The ferredo xin band (50 (j.g) was directly located in the gels by its brown colour. pH of each 0.5 cm-portions of the gel, ground in 1-ml distilled water and incubated over night, was m easured with an O R IO N 701A pHmeter.
Determ ination o f Stokes radius and sedim entation coefficient
Stokes radii were determ ined according to Siegel and M onty [28] by using a Sephadex G-75 column (1 .5 x 2 0 .8 cm) equilibrated with standard buffer. 0.5-ml samples containing ferredoxin (0.7 mg) and/or standard proteins (cytochrome c, 1.74 nm; trypsin inhibitor, 2.25 nm and ovalbumin, 2.76 nm) were used. Calculations were carried out as reported [29] . Sedim entation coefficients were determ ined by su crose density gradient centrifugation as described by M artin and Am es [30] . Linear gradients of 5 -12% (w/v) sucrose in standard buffer were used. 0.1-ml samples containing ferredoxin (1.5 mg) and/or the m arker proteins (cytochrome c, 1.83 S; carbonic an hydrase, 2.85 S and ovalbumin, 3.55 S) were centri fuged at 43000 r.p .m ., 19 h, in a SW-50.1 Ti rotor. A fter centrifugation, 3-drops fractions were collect ed from the bottom of the tubes.
Titration o f su lfhydryl groups and amino acid analysis
Total sulfhydryl equivalents of ferredoxin were ti trated with /?-hydroxymercuribenzoate according to Boyer [31] . For amino acid analysis, samples were hydrolysed at 115 °C for 24, 48 and 72 h in 4 m methanesulfonic acid containing 0.2% (w/v) 3-(2-aminoethyl)indol in evacuated sealed ampoules. The analy ses were carried out with a CHROM ASPECK-J-180 autoanalyzer (D r. J. L. Periago, Univ. G ranada) using nor-Leu as internal standard and o-ftaldehyde as fluorogenic reagent. Thr and Ser content was cal culated from extrapolation to zero time of the obtained values. Val, M et, lie and Phe content was obtained from averaged values at 48 and 72-h hydro lysis. Trp content of separate samples was determ i ned spectrophotom etrically by the method of Edelhoch [32], Cys content was deduced from sulfhydryl groups titration data. For other amino acid residues, averaged values at the different times of hydrolysis were considered. The num ber of amino acid residues per mol of ferredoxin and the minimum molecular weight were calculated by the procedure of T hornber and Olson [33] .
Potentiom etrie titration
Redox titration was perform ed in anaerobic quartz cuvettes, at 25 °C, using a DW-2a™ UV-VIS A M IN C O spectrophotom eter and a BECKM AN 4 500 potentiom eter with a combined P t-Ag/AgCl Ingold electrode (E0 = 222 mV at 25 °C). The reac tion mixture was degassed and bubbled with N2 pre viously passed through pyrogallol. Absorbance chan ges at 420 nm and redox potential were m easured simultaneously after adding aliquots of a 20 mM dithionite solution, anaerobically prepared in 0.5 m bi carbonate buffer (pH 8.3). Redox m ediators used were: 2 ^im benzyl viologen (E ' a, pH 7.0 = -360 mV) and 2 (j .m methyl viologen (E ' a, pH 7.0 = -440 mV).
Results and Discussion
A typical purification of C. reinhardii ferredoxin is shown in Table I . The purified preparations were hom ogeneous since electrophoresis of high quan tities of protein (up to 120 |j.g) always rendered a unique band of protein which corresponded to the brown band of ferredoxin (results not shown). We have detected a single type of ferredoxin in C. reinhardii along the purification procedures and analytical techniques. However, some higher plants [34] [35] [36] and blue-green algae [10, 37] contain two m olecular species of ferredoxin. A fter the second D EA E-Sephacel chrom atography, ferredoxin was eluted with an absorption ratio (A A2aIA21^) of 0.65 (Result not shown). Dialysis of samples lowered this ratio to 0.54 (Table I) , probably because of denaturation of the chrom ophore group. A yield of 25.2 mg of pure protein was obtained from 225 g of cells (wet weight), which is significantly higher than those reported for different green algae and higher plants [6, 9, 38, 39] but not so high as that for Dunaliella salina [40] . This fact together with the simple freezing-thawing treatm ent used to disrupt the cells [19] render C. reinhardii a good organism of choice to obtain quickly high amounts of algal fer redoxin.
Purified ferredoxin showed a typical spectrum of oxidized ferredoxins of the plant type [3, 15, 17] , with absorption maxima at 276, 330, 420 and 460 nm and a shoulder at 284 nm (Fig. 1, A) . U nder strict anaerobic conditions, small amounts of sodium dithionite reduced quickly ferredoxin causing the dis appearance of the peaks at 330, 420 and 460 nm to- gether with the appearance of new shoulders at 310, 390, 469 and 537 nm (Fig. 1, B) , some of which, up to now, have not been reported for a chloroplast ferredoxin. R educed spinach ferredoxin shows a m arked peak at 276 nm, a shoulder at 312 nm and a broad shoulder between 450 and 470 nm [41] , but spectra of reduced ferredoxin from other sources have not been analysed in the ultraviolet region [2-4, 6, 8, 9] . R educed ferredoxin is auto-oxidizable since its native absorption spectrum was restored af ter oxidation with air (Result not shown). Assuming a molecular weight of 11800, an extinction coeffi cient of 8.38 mM_1-cm-1 was calculated at 420 nm (Table II) . Oxidized ferredoxin did not show E P R signals. A f ter reduction with sodium dithionite, the protein showed an E P R spectrum with rhombic symmetry and signals at g = 1.877, 1.951 and 2.045 (Fig. 2) , typical of (2 F e -2S)-clusters common to all known ferredoxins of the plant type [1] [2] [3] [4] 42] .
Samples of ferredoxin whose protein content was estim ated by three different m ethods had an average content of 1.99 atoms of iron and 1.55 atoms of acidlabile sulphur per molecule (Table II) , thus cor roborating the presence of a (2 F e -2S)-cluster in C. reinhardii ferredoxin, shown by E P R spectra. The protein was also titrated with /?-hydroxymercuribenzoate, rendering 8 sulfhydryl equivalents per mol (Result not shown). Since 1 mol of ferredoxin con tains 2 mol of acid-labile sulfide (Table II) The amino acid composition of C. reinhardii fer redoxin is shown in Table III and compared with that of ferredoxins from two other green algae, one bluegreen alga and spinach. Although the resemblances among them are significant, it is noteworthy that C. reinhardii ferredoxin contains 95-99 amino acid residues per molecule and shows the full complement of amino acids with a high content of alanine.
Stokes radius of 1.75 nm and sedimentation coeffi cient of 1.70 S were found for purified ferredoxin (Table II) . From these data and assuming an appa rent specific volume of 0.725 cm3-g_1, a molecular weight of 12200 has been calculated according to the m ethod of Siegel and M onty [28] . In sodium dodecyl sulfate-polyacrylamide gel electrophoresis, ferredo xin was shown as a single band of molecular weight 12600, very close to that found above, which indi cates that the protein is a monomer (Result not shown). Low molecular weight proteins use to devi ate about 10% in mobility rate [44] , which explains the higher value of m olecular weight found for fer redoxin by this technique. A minimum molecular weight of 10600 was calculated from the amino acid com position and iron and labile sulfide content (Ta ble II), according to T hornber and Olson [33] . An average molecular weight of 11800 has been used in all calculations. Accordingly, a frictional ratio of 1.16 was calculated, which suggests an almost-spherical shape for the molecule (Table II) .
The isoelectric point (3.30) of C. reinhardii fer redoxin (Table II) , its midpoint redox potential, at REDOX P O TEN TIA L, pH7.5 (mV) Fig. 3 . Reductive titration of C. reinhardii ferredoxin and its corresponding Nernst's plot (inset). 3-ml samples of 56 (J.M ferredoxin in 50 m M phosphate buffer, pH 7.5, con taining redox mediators were titrated as described in Mate rial and Methods. pH 7.5, ( -410 mV) and its behaviour as one-electron carrier (Fig. 3) are in agreem ent with data re ported for other (2 F e -2S)-cluster-containing ferredoxins [2, 3, 5, 45, 46] .
The results presented in this work indicate that C. reinhardii ferredoxin shows most of the charac teristics of plant-type ferredoxins. The purified pro tein, when reduced with dithionite, m aintained its physiological properties acting as an effective elec tron donor of ferredoxin-glutam ate synthase (EC 1.4.7.1) of C. reinhardii [47] . The relative ease to obtain high am ounts of this protein enables further studies on its complete structure.
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